We explore the phenomenology of the Higgs sector in a model that includes right-handed neutrinos, with a mass of the order of the electroweak scale. In this model all scales arise from spontaneous symmetry breaking, thus the Higgs sector includes an extra Higgs singlet, in addition to the standard model Higgs doublet. The scalar spectrum includes two neutral CP-even states (h and H, with m h < m H ) and a neutral CP-odd state (σ) that can be identified as a pseudoMajoron. The parameter of the Higgs potential are constrained using a perturbativity criteria, which amounts to solve the corresponding RGE. The relevant Higgs BR's and some cross-sections are discussed, with special emphasis on the detection of the invisible Higgs signal at the LHC.
I. INTRODUCTION.
Neutrino physics has received a tremendous amount of experimental input in the last decade [1] [2] [3] [4] [5] [6] [7] . Neutrino oscillations could be considered the first signal of physics beyond the Standard Model (SM) [8] , and they suggest that neutrinos are massive. After the data on atmospheric and accelerator neutrino oscillations, we know that there is a non-vanishing mass difference [9] . From solar and reactor neutrino oscillations, we know that at least two neutrinos are not massless [10] . On the theoretical side, the origin of neutrino masses and their observed patterns (for the neutrino mass squared differences) as well as the mixing angles still represent a mystery [11] . There are some ideas that have been widely used in order to explore the situation, like the Zee model [12] or the see-saw mechanism [13, 14] in its several incarnations [15] , but we are far from a deep understanding of this issue. Most of the actual realizations of these mechanisms postpone the desired knowledge up to very high, experimentally unaccessible, energy scales. Concretely, since the introduction of Righthanded (RH) neutrinos seem to be the obvious addition needed in order to write a Dirac mass for the neutrinos, most models assume their existence with a mass scale typically of size ∼ 10 13 − 10 16 GeV (and the seesaw mechanism can be used to explain the smallness of the neutrino mass scale) [14, 15] .
In this paper we adhere to the idea that our current (experimental) knowledge of particle physics should be explored by a "truly minimal" extension of the SM. In this tenor we consider the possibility of having only one scale associated with all the high energy physics (HEP) phenomena. Since the SM is consistent with all data so far (modulo neutrino masses),
we propose a minimal extension of the SM where new phenomena associated to neutrino physics can also be explained by physics at the Electroweak (EW) scale i.e. O(10) GeV to O(1) TeV (similar approaches can be found in [16] [17] [18] [19] ). Thus, we assume
• SM particle content and gauge interactions.
• Existence of three RH neutrinos with a mass scale of EW size.
• Global U(1) L spontaneously (and/or explicitly) broken at the EW scale by a single complex scalar field.
• All mass scales come from spontaneous symmetry breaking (SSB). This leads to a
Higgs sector that includes a Higgs SU(2) L doublet field Φ with hypercharge 1 (i.e. the usual SM Higgs doublet) and a SM singlet complex scalar field η with lepton number
This approach will have an effect on the type of signals usually expected for the SM Higgs sector, where the hierarchy (naturalness) problem resides. By enlarging the SM to explain the neutrino experimental results, we can get a richer spectrum of signals for Higgs physics and it is expected that once the LHC starts, it will test some of the theoretical frameworks created thus far, including ours. Furthermore, in order to fully probe whether the Higgs bosons have "Dirac" and/or "Majorana" couplings, we might have to wait until we reach a "precision Higgs era" at a linear collider [20] .
In this work, we explore in detail the Higgs phenomenology that results in this model, with right-handed neutrinos having a mass scale of the order of the electroweak scale. The scalar spectrum includes two neutral CP-even states (h and H with m h < m H ) and a neutral CP-odd state (σ) that can be identified as a pseudo-Majoron. The parameter of the Higgs potential are constrained using a perturbativity criteria, which requires solving the corresponding RGE. We then evaluate the dominant BR's and some cross sections, with special emphasis on the detection of the invisible Higgs signal at the LHC.
Our paper is organized as follows. In section II, we discuss the Lagrangian of our model.
In section III, we present the constraints on the model parameters obtained by using the Renormalization Group Equations. In section IV, we give the formulae to calculate the Higgs decays, while in section V, we discuss the possibility of detecting the invisible Higgs signal at the LHC. Finally, in section VI, we summarize our results and present some conclusions.
II. THE MODEL
Taking into account the previous assumptions it is straightforward to write the Lagrangian of the model. The relevant terms for Higgs and neutrino sectors are
with
where N R represents the RH neutrinos,
chirality. The Yukawa couplings will be adjusted to reproduce the neutrino masses. The potential of the Higgs sector is given by
Note that the fifth term in the potential (proportional to κ) breaks explicitly the U (1) symmetry associated to lepton number. This is going to be relevant when we discuss the features of the Majoron later in the paper.
Assuming that the scalar fields acquire vacuum expectation values (vevs) in such a way that Φ and η are responsible for EW and global U(1) L symmetry breaking, respectively, we can write the shifted fields (in unitary gauge)
where v/ √ 2 and u/ √ 2 are the vevs of Φ and η, respectively. Then, we obtain the following minimization conditions:
The form of the mass matrix for the scalar fields is given by
where r ≡ −κ/u. The mass for the σ (pseudo-Majoron) field is
Note that, as expected, m 2 σ is proportional to the parameter κ associated to the explicit breaking of the U(1) L symmetry.
We are working under the assumption that the explicit breaking is quite small, i.e. κ << EW scale. This explains why we are minimizing the potential with respect to η, thus assuming it breaks the global symmetry spontaneously. Furthermore we expect the SSB generated by the vev of η = u/ √ 2 to be of EW scale size, and so we work under the assumption r ≡ −κ/u << 1. For example, taking −κ ∼ KeV one obtains r ∼ 10 −9 − 10 −7 , which then leads to a Majoron mass of O(10) MeV.
From Eq. (7), we can obtain the mass eigenstates
Using these definitions to rewrite the Yukawa Lagrangian (Eq. (2)), we obtain
We now make some comments regarding neutrino mass scales. Since we are interested in RH neutrinos at the EW scale, we take their masses to be in that scale, i.e. anywhere from a few to hundreds of GeV. The Dirac part on the other hand will be constrained from the implementation of the seesaw mechanism. The neutrino mass matrix is given by
where The neutrino mass eigenstates are denoted by ν 1 and ν 2 and are defined such that
The relevant terms in the Lagrangian become
where y * ν = y ν and Z ≡ Z 11 . As discussed in the introduction we are also interested in exploring the Higgs decay mode involving the Majoron. Then, we need to rewrite to the terms in the potential that contain the Majoron-Higgs bosons couplings, in terms of mass eigenstates. We obtain:
III. CONSTRAINTS ON THE MODEL PARAMETERS USING RGE
The parameters that appear in the Higgs potential are essentially unconstrained by any phenomenology argument, therefore we have to resort to some theoretical argument. Here we shall rely on the perturbativity criteria, namely we shall require that any choice of the Higgs parameters (λ i ) at low-energies, which determine the Higgs spectrum and couplings, must remain below 4π when evolve from m Z up to a high-energy scale (such as M GU T or
The corresponding Renormalization Group Equations have been discussed in a slightly different context in [23, 24] . They are given by where n g stands by the family number (we are taking n g = 3) and
. We have explored the values of parameters λ, λ ′ , λ m , which satisfy the perturbative
, and we identify some scenarios that are safe to be studied in the following sections. Namely, we identify the following examples:
1. For g top (100 GeV) ≈ 1, and y 
IV. HIGGS DECAYS
We are interested now in studying the new Higgs modes that appear in this model. We have evaluated the Higgs decays using the formulae presented in [21] , with appropriate modifications to include the changes in couplings due to Higgs mixing. The decay width for the Higgs decay mode into a pair of majorons is given as follows:
where c hσσ stands for the coupling hσσ; which was studied in the Section II. Namely c hσσ =
In Ref. [16] we discussed the Higgs decays to neutrinos and their signatures in this model.
The possible relation to Majoron Dark Matter has been considered in Ref. [22] .
Here, using Eq. (13) one obtains the following decay widths [26] :
In order to perform our numerical analysis, we shall take values allowed by the perturbative analysis (Set 1) for the parameters λ m , λ ′ , and some values for the vev u and cos α.
The mass of the Majoron m σ is given in terms of the parameter u as follows: In Figs. 3-6 we present our results for the decays: GeV.
In Figs. 7-10 we present our results for the decays: We are also interested in determining whether the invisible Higgs decay could be observed at LHC. We shall use the results of Ref. [25] , where a detailed study of detectability of an invisible Higgs was performed. These authors consider the production mechanisms pp → Here we take the cut on p / T = 75 GeV of Ref. [25] . The numbers in parentheses include the estimated Z + jets background discussed in Ref. [25] hZ 0 , for the signal, as well as pp → W + W − → h and pp → h + jet. Here, we shall use for illustration purposes, the associated production with Z 0 + h(→ inv.); a detailed set of cuts is proposed in order to determine the backgrounds [25] . Their analysis can be used to determine the minimum value of the ratio
that can produce a 4σ signal. This is shown in Table I for two different values of the Luminosity L and some values of m h . We display in Table II, The parameters that appear in the Higgs potential are essentially unconstrained by any phenomenology argument, therefore we have to resorted to some theoretical argument. Here we have relied on the perturbativity criteria, namely we have required that any choice of Higgs parameters at low-energies, which determine the Higgs spectrum and couplings, must remain below 4π when evolve from m Z up to a high-energy scale (such as M GU T or M P lanck ).
Thus, we have explored the values of parameters λ, λ ′ , λ m , which satisfy the perturbative constraint g i (M GU T ), λ i (M GU T ) < 4π, and we have identified some safe scenarios that are studied in this paper.
We have concluded that Set 1 (g top (100 GeV) ≈ 1, and y 
